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Rail Gun
Superconducting Augmentation % Theoretical Analysis -Both the energy efficiency and projectile velocity of a rail gun system can be substantially increased by the addition of an adjunct superconducting augmen-.,% tation coil system. The energy efficiency results from the superconducting coil's ability to recover the rail magnetic field energy normally dissipated at the end of launch in rail guns, by means of a unique application of the flux conservation property of superconducting coils. The increased velocity results (Cont'd on Reverse)-, The most promising of EML concepts is the rail gun system due to its inherent simplicity. The development of rail gun technology, presently in its infant stage, presents many new problems which must be solved in order to complete its successful weaponization.
The major problem areas include system efficiency, Joule heating effects, switching, and power supplies. Secondary areas of concern include rail damage, projectile design, and structural integrity.
System efficiency represents the most important area since it impinges directly on all areas mentioned above as well as the important subsidiary requirements of reduction of system weight and size. Important developments have already been made on some portions of the rail gun system. The most notable in recent years is the development of compact homopolar generators (HPG). Improvements in HPG design have increased the energy stored/volume ratio by more than thirty times with a concomitant improvement in energy stored/mass ratios. Further increases in power supply performance are expected to increase these ratios by perhaps another factor of two. Thus, spectacular increases in system efficiency will occur in other portions of the rail gun system. Superconducting rails, which could have a significant effect in a space-based system but would present extraordinary commutation problems in a terrestrial system, were not analyzed. Herein we will briefly describe the previous analy- 
THEORETICAL ANALYSIS
The SARG concept uses the physical principle of magnetic flux trapping of a superconducting coil. This principle may be derived by the application of Faraday's law to a closed superconducting coil of length 1, i.e.,
where E is the induced electric field and 0 is the magnetic flux threading the area enclosed by the coil.
Equation (1) is only valid for a superconducting coil, since the resistivity of a superconductor is effectively zero. By comparison, the best normal conductor, copper, has a resistivity of the order of 10-6 ohm cm.
Using Eq. (1), we analyzed the SARG system shown schematically in Figure 1 .
For the constant rail current mode of operation, we were able to show that the mechanical energy WM, the magnetic field energy W m , and the work required from the electrical source Ws, could be expressed by (ref 1)
In these expressions, L is self-inductance of the rail circuit; I is the normal current in the rail circuit; M is the mutual inductance between the rail and augmentation coils; ISO is the initial supercurrent in the augmentation coil; and L s is the self-inductance of the augmentation coil. in Eqs. (2) through (4) yields
where k is the magnetic coupling constant and 0 ( k 4 1.0.
In the derivation of Eqs. If we define the ideal launch efficiency (ILE) as ILE = WM/Ws, then
(1-kg) + k Iso/IYLs/L again, neglecting frictional and resistance effects. So far we have dealt with ideal systems by neglecting resistance and frictional effects. We can adopt the procedure outlined by Hammond (ref 4), i.e., the system is analyzed using idealized components and then the dissipating elements are introduced. For our particular system, we note that the idealized circuit of the simple rail gun is a linear circuit in which the magnetic and mechanical energy are each equal to half of the work supplied by the source at constant current. For a nonideal system, the frictional and resistive losses can be included as a part of kinetic energy WM. Then we may write In order to extend this analysis to a SARG system, we note that the adjunct superconducting augmentation system is essentially nondissipative. We assume that a SARG launcher being powered at constant current from the power source will have a dissipative term
and that an expression of the form of Eq. (16) may be written using the appropriate WM (Eq. (6)).
This assumption cannot be justified on the basis of SARG being a linear circuit, since Eqs. (6) and (7) clearly show that equipartition does not occur in SARG.
However, the magnetic energy of a SARG operating at constant current lepends only on the specific inductances of the circuit and thus is a function of system geometries only. Therefore, the dissipative terms are clearly related to the kinetic energy team. 
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The SARG system will be assembled from these components and tested in FY87.
The assembled SARG will have relatively low magnetic coupling (k -0.4) due to the particular design of the ESCAR magnet system. However, a properly designed SARG system discussed below should be able to achieve coupling constants greater than 0.9.
The present demonstrator system should yield a 50 percent increase in muzzle velocities and more than 50 percent increase in actual launch efficien-,cies at equivalent power supply levels.
Cryogenic testing of the ESCAR magnet system by DOE indicates cryogenic loads of less than five watts at 4.5 K using closed-cycle refrigeration and with heat loads approaching launch conditions. Thus, the capability of providing adequate refrigeration from small scale, commercially available units is feasible. This point is central to the weaponization of SARG systems.
PROTOTYPE SARG WEAPONS
The weaponization of SARG launchers will require solutions to technical problems unique to these new systems. Benet is particularly concerned with those problems associated with direct fire or close combat weaponization.
Typical specifications of such a system are shown in Table I .
Additional problems associated with a SARG-type system include improvement in coupling coefficients, cryogenic requirements, superconducting magnet quench due to eddy current heating or exceeding the critical temperature, magnetic field or current of the superconductor used, and the mechanical integrity of the augmentation system itself. Before describing the results of the analysis, we will present some solutions to problems directly concerning SARG configurations.
8% W
The magnetic quenching of a properly designed superconducting coil occurs primarily by eddy current heating of the copper matrix material in commercially available superconducting wire. The present state of the art cable when ramped with current from an external source can sustain 60 Hz cycling without quenching. This translates into a half period of about 8 msec which represents the limit of its use in a rail gun application. Since transit times of the rail gun described here are in the order of 4 msec, use of a superconducting coil ramped with current from an external source is not possible with present technology.
However, in the SARG configuration, the augmentation coils are a closed loop with persistent supercurrents. Hence, SARG augmentation coils are ramped by the magnetic field of the rails. This is an entirely different physical
9
-S situation from current ramping. Unfortunately, no experimental data exists for this situation; however, considering the magnetic flux conservation stated in Eq. (1), one would expect that eddy current heating would be substantially reduced. Of course, a coil completely composed of superconducting filaments would have no eddy current heating. Coils made from commercially available cable require at least ten percent of the cable volume to be copper matrix for conduction, fabrication, and mechanical reasons. The half period for magnetic ramping of a 90 percent superconducting -ten percent copper matrix cable coil was estimated to be at least a factor of two less than the current ramp case
. This estimate suggests a SARG-type system in which the supercurrent is ramped by the magnetic field of the rails may be marginally possible.
To further reduce the possibility of magnetic field ramp quenching, we ana-* lyzed the "ballasted" SARG circuit. The "ballasted" SARG is constructed by placing an additional superconducting coil in series with the augmenting coil which is not magnetically coupled with either the augmentation or rail coils.
Such a configuration is shown schematically in 
M = kOILYLS (19)
We have previously shown (ref 1) for the "ballasted" SARG that Thus, the ramping of the supercurrent which occurs in SARG may be significantly reduced in the ballasted SARG condition.
In order to evaluate the three systems involved, we used the procedure outlined in Eqs. (14) through (17) to determine f for each system; Eqs. (22) for the "ballasted" SARG to determine system parameters. Assuming a constant projectile energy of 14 MJ, these parameters are tabulated in Table II . In these calculations, we assumed that I was constant, L = 3.6x10 These results indicate that the actual efficiency of an augmented system is more than twice that of a simple rail gun. The ballasted SARG is the superior design for the following reasons.
1.
The current required is 30 percent less than SARG and 44 percent less than SRG. Thus, heating loads and cooling requirements are significantly lowered.
2. For approximately the same size source and efficiencies, the ballasted SARG has significantly higher magnetic field energy than SARG which must be dissipated. However, this energy is dissipated after launch and may be more It is important to note that the kinetic energy used is sufficient to launch penetrator type projectiles (3 kg) at velocities greater (3 km/sec) than achievable by current cannon.
Some important tradeoffs must be considered. For example, the increased complexity of superconducting coil and cryogenic requirements for the augmented systems are offset by increased efficiency and lower rail heating.
The increased efficiency means that smaller homopolar generators (or other power supplies) may be used to power the launcher system. Present HPG's weigh, with their ancillary equipment, approximately five tons and can deliver about 1
MA to a rail gun system load. Thus the power supply requirement, assuming an increase in HPG efficiency of 25 percent would lead to power supply weights of over 15 tons for an SRG and over 12 tons for SARG, compared to about 9 tons for the ballasted SARG case.
One must consider the additional weights of the augmentation system including the cryogenic and power modules. From our preliminary experimental results on the SARG demonstrator, we can estimate cooling loads of about 10 watts at 4.5 K. Thus, the ancillary equipment to the augmented systems should weigh less than two tons.
The weight of the augmentation ancillary equipment will be offset by the reduced cooling requirement of the rail gun when operated in these modes, since less than 30 percent of the waste heat generated by an SRG launch is developed in a ballasted SARG launch. This study also indicates that it is practical to achieve weapon quality launchers using current state of the art technology with mobile gun systems. 
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